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Bacterial cells: The migrating kinase and the master regulator
Craig Stephens
It is becoming clear that, as in eukaryotes, proteins in
bacterial cells are targeted to specific cellular locations.
The most recently discovered example is a remarkable
histidine kinase that oscillates between polar and
global distributions while temporally regulating
transcription and DNA replication in Caulobacter.
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Despite their small size and apparent internal simplicity,
prokaryotes face some of the same fundamental problems
of cell biology as eukaryotes — for example, how to
control and coordinate the processes of chromosomal repli-
cation and cell division during the cell cycle. The last few
years have seen some remarkable new insights into the
organization and control of DNA replication and cell divi-
sion in diverse bacterial species. As with investigations in
eukaryotic cell biology, studies on these processes in
prokaryotes have been stimulated greatly by the develop-
ment of green fluorescent protein (GFP) as a tag for fol-
lowing proteins in living cells. Thanks largely to this
technology, the notion of bacteria as homogenous ‘bags of
enzymes’ has been demolished [1]. 
Bacterial cells are much more ordered than previously
suspected; the array of important proteins now recognized
to reside at specific locations in the bacterial cell includes
DNA polymerase [2], the cell division machinery [3,4],
chemotaxis proteins [5], and proteins controlling
endospore formation [6]. The latest entry in this field is a
histidine protein kinase in Caulobacter that is necessary for
both cell-cycle-regulated gene expression and the control
of DNA replication [7]. The membrane-anchored CckA
kinase is distributed throughout the cell at the beginning
of the cell cycle, but migrates to the cell poles midway
through the cycle and finally concentrates at a single pole
before dispersing again upon cell division. How and why
CckA might go through this cyclical migration are
discussed below.
The CtrA transcription factor: master of all it surveys
The aquatic bacterium Caulobacter crescentus serves as a
model for studying cell-cycle regulation and cellular asym-
metry in bacteria. Investigators have been attracted to the
fact that Caulobacter displays two distinct cell types. Motile
swarmer cells possess a single polar flagellum that enables
them to pursue nutrient sources, while stalked cells
lacking the flagellum act as anchored, replicating stem
cells. Swarmers differentiate into stalked cells in order to
divide (Figure 1), with every division producing both
types of progeny cell. Swarmer cells can be readily iso-
lated in the laboratory and allowed to proceed synchro-
nously through the cell cycle for biochemical and
microscopic examination of subsequent events.
Such experiments have shown that the cellular remodel-
ing that leads to the distinct properties of the Caulobacter
progeny cells begins well before cell division [8]. Flagel-
lum synthesis and initiation of chromosomal replication
have been studied most intensively (Figure 1). The flagel-
lum is assembled at the swarmer pole of the predivisional
cell; in the stalked half there is no flagellar structure made,
and flagellar gene expression is aborted. The chromosome
of the swarmer half of the predivisional cell probably
becomes incompetent for replication even before division,
and is condensed to a greater extent than in the stalked
portion, which can initiate a new round of chromosome
replication as soon as the progeny cells separate.
Studies of flagellar assembly and replication control were
unexpectedly linked together with the discovery of the
‘cell-cycle transcriptional activator’, CtrA [9]. CtrA is a
member of a superfamily of proteins known as ‘response
regulators’, most of which are transcriptional activators
that become active when phosphorylated at a key aspar-
tate residue. Response regulators are present in at least
some eukaryotes, but they are truly ubiquitous in prokary-
otes, with some bacterial genomes encoding ten or more
versions, each of which responds to different signals. In
Caulobacter, CtrA responds to as yet unidentified cell-cycle
signals and serves as the flagellar master regulator, turning
on expression of several operons that encode inner mem-
brane components of the flagellar basal body (Figure 1).
Once the inner membrane portion of the flagellum is
built, other transcription factors — whose expression is
also controlled by CtrA — trigger expression of genes
encoding the remaining structural subunits.
As was expected from the observation that the original
ctrA mutant allele is lethal at 37°C, CtrA controls more
than just flagellar genes [9]. (Flagellar motility is dispens-
able for bacterial survival in the laboratory, regardless of
temperature.) Non-flagellar genes that are activated by
CtrA include one that encodes an essential cell-cycle-
regulated DNA methyltransferase [10]. In contrast, CtrA
represses the ftsZ cell-division gene [11], and also
represses a promoter in the chromosomal origin of replica-
tion, transcription of which is necessary for the initiation
of replication [9,12,13]. The repressive action of CtrA on
the origin promoter, in conjunction with its binding to
other sites in the origin, is thought to prevent DNA
replication in swarmer cells [9,12]. CtrA is proteolytically
degraded in stalked cells, allowing them to initiate replica-
tion [14]. The protease responsible for removal of CtrA in
stalked cells has recently been identified [15], but the
mechanism(s) by which proteolysis is temporally and
spatially controlled are open questions.
A mobile kinase controls CtrA
Response regulators such as CtrA are typically partnered
with a ‘sensor’ kinase in the standard bacterial ‘two-
component’ regulatory system [16]. The sensor kinase
interprets some aspect of the environment, and under
appropriate conditions undergoes autophosphorylation on
a highly conserved histidine residue. This phosphate
group is then transferred to a conserved aspartate of the
response regulator. Phosphorylation is critical for the in
vivo function of CtrA [9], so the kinase responsible for
activating CtrA at the appropriate point in the cell cycle
could also be an important player in cell-cycle regulation.
To identify such a kinase, Jacobs et al. [7] set up a genetic
screen to find non-motile, temperature-sensitive lethal
mutants. From this screen came mutations in a gene
predicted to encode a membrane-bound protein — ‘cell-
cycle kinase A’, hence the gene’s name cckA — homolo-
gous to sensor kinases. Phosphorylation of CtrA was
greatly reduced in the cckA mutant, even at 28°C, a
temperature at which the cells survived, but did not make
flagella and displayed defects in DNA replication and cell
division. When the temperature was shifted to 37°C, cells
began to die within a few hours. During this time, trans-
cription directed by CtrA-dependent promoters declined,
and the mutant cells continued elongating but failed to
divide. Virtually every cell accumulated multiple chromo-
somes, indicating that DNA replication was no longer
coupled to cell division. Transcription directed by the
origin promoter that CtrA normally represses increased
two-fold, which may have contributed to the defect in
replication control. More detailed investigations of the
pleiotropic effects of cckA mutations are in progress.
Unlike CtrA, the CckA kinase is present throughout the
cell cycle [7]. Might the activity of CckA be modulated as a
function of the cell cycle? The answer to this question
must await development of an assay for measuring CckA
activity in vivo; it should be pointed out that there is no
proof yet that CtrA is directly phosphorylated by CckA. It
is clear, though, that the location of CckA changes as a
function of the cell cycle, which may ultimately be relevant
to its activity. Jacobs et al. [7] made a construct encoding a
fusion protein in which GFP was linked to the carboxyl
terminus of CckA, in order to determine the location of the
protein in live, synchronous Caulobacter cultures by fluores-
cence microscopy. They found that CckA was distributed
initially throughout the swarmer cell membrane, where it
remained through differentiation into a stalked cell
(Figure 2). As cells progressed to the stage at which flagel-
lar gene expression initiates — corresponding to the time
at which CtrA is synthesized and phosphorylated — the
CckA population coalesced at one or both poles of the cell.
The strongest signal was always seen at the pole opposite
the stalk (the swarmer pole), where the flagellum was
eventually assembled; in many cells there was no signal at
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Figure 1
Roles of CtrA in controlling the Caulobacter
cell cycle. The cell cycle of Caulobacter
crescentus is shown schematically, with the
presence and location of CtrA indicated by
yellow shading. The status of chromosomal
replication is indicated by the theta figures
inside each cell; the chromosome of the
swarmer cell is not replicating and is known to
be more compact than that of the stalked cell.
As shown here, CtrA is necessary to activate
expression of genes required for flagellar
construction as well as the gene encoding the
CcrM DNA methyltransferase, and to repress
expression of the ftsZ cell division gene, as
well as a strong promoter necessary for
initiation of replication. (See text and [9,12,14]
for more details.)
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all visible at the stalked pole. The kinase remained at the
swarmer pole until the cells divided, at which time it
spread throughout the inner membrane again. 
Polar localization — how and why?
The observed polar localization of CckA raises some
intriguing questions. First, how does CckA get to the
swarmer pole? And perhaps more importantly, once it gets
there, what happens? Determining what other proteins or
structures CckA interacts with at the pole will probably
provide some insight into both issues. CckA clearly has a
lot of company at the cell pole, as a number of other
protein complexes, including the flagellum, chemosensory
apparatus and pili, reside at the swarmer pole in Caulobacter
and other bacteria [5,17]. 
There is evidence for the existence of some sort of
prokaryotic mitotic apparatus that moves the origin region
of replicated chromosomes to the poles of the cell [18]. It
is possible that the targeting of CckA and/or other polar
proteins takes advantage of such a system. Alternatively,
CckA might simply diffuse about the membrane, and be
trapped at the pole by as yet unidentified factors at the
appropriate time. Polar trapping has been proposed to
localize Caulobacter chemoreceptors and associated pro-
teins [5]. Remnants of the cell-division site could be used
to distinguish the pole of the cell from the rest of the
membrane, and/or serve as the ultimate polar anchor [5]; in
Caulobacter, additional modifications presumably occur at
the stalked pole that distinguish it from the swarmer pole.
Polar targeting of CckA was found to require the protein’s
membrane-anchoring domains — deletion of CckA’s
transmembrane anchor yielded a soluble protein that was
spread throughout the cell [7]. This cytoplasmic mutant
version of CckA is defective in some critical function, as
alone it did not allow cells to survive. In itself, this experi-
ment might only mean that membrane insertion is neces-
sary for CckA’s enzymatic activity, but the temporal
coincidence of polar localization of native CckA with acti-
vation of CtrA in the predivisional cell suggests a connec-
tion. Perhaps localization is necessary to bring CckA into
contact with other factors that trigger its kinase activity, as
has been shown for a number of eukaryotic kinases [19].
Might there be any other reason to concentrate activity at
the pole? Perhaps colocalization of CckA and the origin
region to the swarmer pole — assuming the Caulobacter
origin behaves like that of Escherichia coli or Bacillus subtilis
— serves to increase the concentration of phosphorylated
CtrA in the vicinity of the origin, so to ensure inhibition of
replication in what will become the swarmer cell? 
It will certainly be of interest to determine if and how the
kinase activity of CckA is triggered at the swarmer pole at
the appropriate stage of the cell cycle. CckA has an
additional domain not seen in most histidine kinases,
which is homologous to the phosphate receiver domain of
response regulators [7]. Several hybrid phosphate
receiver/transmitter proteins found previously in other
species are components of ‘phosphorelays’, where
phosphate groups are passed through a series of proteins
leading to the ultimate response regulator [20]. The proto-
typical example of such a phosphorelay controls the induc-
tion of sporulation in Bacillus subtilis [21]. A multitude of
internal and external factors are considered by Bacillus cells
deciding whether to initiate spore formation. The phos-
phorelay provides opportunities to integrate diverse stimu-
latory and inhibitory signals through multiple kinases and
phosphatases, as is done in phosphorylation-based signal
transduction cascades in eukaryotic cells. Progression
through the vegetative cell cycle in Caulobacter — initiation
and completion of DNA replication, membrane synthesis
and cell-wall growth, synthesis of organelles such as fla-
gella, and cell division — undoubtedly requires a regula-
tory pathway of comparable sophistication, and it would
not be surprising to find that it shares at least some proper-
ties with sporulation control and/or eukaryotic signal trans-
duction mechanisms. 
Wu et al. [22] have speculated previously that a phospho-
relay leads to CtrA in Caulobacter. The DivJ histidine
kinase, whose activity was known to affect both motility
and cell division, was shown to phosphorylate CtrA ineffi-
ciently in vitro. DivJ more readily transferred phosphate to
the DivK protein, which has the receiver domain of a
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Figure 2
Location of the CckA kinase during the cell cycle. The location of a
CckA—GFP fusion protein was determined by fluorescence
microscopy, and is indicated in red in this diagram illustrating the
Caulobacter cell cycle [7]. The distribution of CckA throughout the
inner membrane is indicated by having the entire cell outlined in red,
and the observation that CckA is less abundant or absent at the
stalked pole in many cells is indicated by speckles. (A time-lapse
movie, in Quicktime format, showing CckA–GFP in living cells
proceeding through the cell cycle can be viewed on the Web at
http://www.cell.com/cgi/content/full/97/1/111/DC1.)
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response regulator, but nothing resembling a DNA-
binding domain. The ctrA gene behaves genetically as if it
is downstream of divK in a regulatory pathway, as condi-
tional lethal mutations in divK were suppressed by certain
ctrA mutations [22]. On the basis of this evidence and the
organization of other known phosphorelays, an in vivo
relay of DivJ → DivK → X → CtrA was proposed, in
which X was an unidentified histidine-kinase-type inter-
mediary. CckA is an obvious candidate for this missing
link, and its potential role in such a pathway will surely be
tested. Even so, some fundamental questions will remain.
What signals control the activity of the phosphorelay
during the cell cycle? In essence, what are the timing
mechanisms used to direct cell-cycle progression? As each
piece of this fascinating puzzle is put in place, we realize
that, as far as the bacterial cell cycle goes, there is still a
long way to go before we understand the whole picture.
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